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Effects of Neutron Radiation on Mouse Hair Matrix Cell Populations 
FREDERICK D. MALKINSON, M.D., D.M.D., AND RUZICA MARIANOVIC, E.S.B.B. 
Department of Dermatology, Rush-Presbyterian-St. Luke's Medical Center, Chicago, Illinois, U.S.A. 
We have investigated the effects of a single low dose 
of 42 rads neutron radiation on hair matrix cell kinetics. 
Anagen hair skin sites in 3-mo-old Carworth Farms #1 
female mice were exposed to a fast neutron beam yield-
ing a modal energy of 3.6 MeV. In contrast to low LET 
(linear energy transfer) radiation at a 21J2 fold higher 
dose, neutrons induced a markedly prolonged depression 
(> 60%) in the mitotic index for more than 18 hr postra-
diation. In addition, from 10-18 hr after neutron irradia-
tion sharp elevations (> 80%) in the labeling indices 
apparently reflected significant impairment in cell mat-
uration rates and/or slowed exit rates from the prolif-
erative compartments. Postradiation reductions of up to 
20% in the size of proliferating matrix cell populations 
were found. At the cellular level, this study confirms 
previous findings of a disproportionately high relative 
biological effectiveness for neutron radiation following 
low dose level exposure. 
The greater efficacy of neutrons compared with conventional 
ionizing radiation has aroused renewed interest in neutron 
radiotherapy. The enhanced radiobiological effectiveness 
(RBE) of neutrons over standard x-rays apparently results from 
greater sensitivity of poorly oxygenated cells to neutrons, and 
from the enhanced induction of lethal or nonrecoverable sub-
lethal injury [1,2). RBE values for tumor growth delay vary 
from 1.2-4.0, while RBE values for damage to several normal 
tissues, including skin, are about 2.5. In a recent clinical report 
by Catterall, Southerland, and Bewly neutron-treated patients 
with head and neck tumors showed highly significant benefits 
over those treated with x- or gamma rays [3). Additional 
experience with fast neutron teletherapy [4] has confirmed the 
initial encouraging results, and active neutron trials are cur-
rently under way in the United States, Great Britain, Europe, 
and Japan. 
In addition to clinical evaluations, the physical and radio-
biological properties of neutrons require detailed studies. The 
current experiments were undertaken as an initial investigation 
of kinetics disturbances in anagen hair matrix cell populations 
following a single low dose of 42 rads neutron beam radiation. 
The findings will be compared to those recorded earlier for 
growing hairs exposed to a single dose of 100 rads standard 
ionizing radiation [5). 
MATERIALS AND METHODS . 
This study was done in 3-mo old Carworth Farms #1 female mice. 
In all animals hair was plucked from a 7 sq cm area of the back above 
each thigh to induce anagen, which lasts about 19 days in this strain of 
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mouse. Fourteen days later all animals received an intraperitoneal 
injection of 0.6 microcuries of tritiated thymidine CH-TdR) per gram 
body weight (specific activity 5.0 Ci/mM). Radiation was given 30 min 
after injection. Mice were killed at multiple time intervals between 30 
min and 5 days after irradiation. Immediately after the death of each 
animal the treatment and control sites were excised and fixed in cold 
acid alcohol. Data for each posttreatment interval were ob~ained from 
1 or 2 test animals. 
Neutrons were produced by 8.3 MeV deuterons interacting with a 
thick beryllium target [6]. This yielded a modal energy of 3.6 MeV 
neutrons. Animals were anesthetized with intraperitoneal nembutal 
and placed in plastic holders in groups of 3 or 4 for radiation exposure. 
With the use of thread, the skin site to be treated was gently extended 
from the animal so that the test area was the only tissue irradiated. 
The animals were shielded by the collimator insert made of "Benelex 
401" (a Presdwood product), surrounded by polyethylene containing 
2% boron [6]. All animals received a single surface dose of 42 rads at a 
target-to-skin distance of 60 em. The dose rate was approximately 7 
rads per minute. Under the experimental conditions described, gamma 
radiation comprised less than 5% of the total radiation dose. 
For each skin specimen follicle squashes were prepared from awl 
type hairs according to the technique described previously [5]. All 
biopsy specimens were immediately fixed in cold acid alcohol (1 part 
glacial acetic acid and 3 parts absolute alcohol) for 24 hr. The specimens 
were then brought through a graded series of alcohols to water and 
hydrolyzed in 1 N HCl at 60°C. for 10 min. Hydrolysis was stopped 
with cold distilled water and the specimens were put into Schiff's 
reagent in the dark overnight. Pieces of biopsy specimens were im-
mersed in a drop of 45% acetic acid placed on a microscope slide and 
single follicles were removed under a dissection microscope. One to 6 
follicles were mounted on each slide, covered, and gently "squashed" 
by fum overhead pressure. The coverslip was removed after brief 
exposure to dry ice. Slides were dipped in Ilford K t nuclear emulsion 
and exposed for 3-4 weeks in a dry atmosphere at 4 cC. The slides were 
developed in Kodak D 19 developer. Exposure time was generally 
regulated to yield mean grain counts in a range of 20-25 grains per cell. 
In this study a minimum of 7000 cells was scored to obtain the 
mitotic and labeling indices for each control and radiation site. Mitotic 
indices were determined from labeled and unlabeled cells. Six hair 
matrices were studied for every control and radiation point. Since 
background in the autoradiographs was low and since hair squashes 
are considerably thinner than standard tissue sections, labeled cells 
were defined as cells containing 3 or more grains. 
Computations of the standard deviation of the mean were carried 
out for aU data presented. 
RESULTS 
Within 30 min after exposure of anagen hair matrices to a 
single neutron dose of 42 rads, the mitotic index was reduced to 
1.3% compared with 2.4% in the control site (Figure, Table I) . 
The depression in the mitotic index was sustained, and at 10 hr 
postradiation a further drop to 0.9% was found. The mitotic 
index remained depressed (1.2%) at 18 hr but had recovered to 
normal levels by 24 hr postradiation. The labeling index showed 
little change from control sites in the fust 7 hr after radiation 
exposure, but by 10 hr postradiation had risen to 59% versus 
43% in the control site. The labeling index was maintained at 
higher than normal levels until 18 hr postradiation (63% versus 
35%), dropping to control levels at the 24-hr period as the 
mitotic index recovered to normal. 
After the 24-hr postradiation interval, no significant abnor-
malities were seen in the mitotic or labeling indices. The return 
to a normal cell production pattern indicated that most dam-
aged cells had either recovered or had been eliminated from 
the proliferative compartment. No clear-cut mitotic "over-
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TIME AFTER INJECTION OF 'H TdR IN HOURS 
Anagen mouse hairs irradiated with 24 r neutrons. 
TABLE I. Standard deviations of the mean for total labeled cells 
and total mitoses in the proliferative compartment of awl hair 
matrices. 
42 r Neutrons Controls 
Time 
Intervals Post Labeled Total Labeled Total 
radiation cells mitoses cells mitoses 
(hr) per per per per 
follicle foll icle follicle follicl e 
0.5 372 ± 53 14 ± 4 443 ± 49 29 ± 8 
2 453 ± 39 18 ± 7 396 ± 81 23 ± 5 
5 600 ± 148 20 ± 7 725 ± 123 33 ± 3 
7 454 ± 97 14 ± 4 613 ± 67 24 ± 5 
10 11 ± 2 836 ± 68 36 ± 4 
14 597 ± 78 9±4 379 ± 18 18 ± 2 
18 554 ± 60 11 ± 5 400 ± 30 17 ± 2 
24 309 ± 90 14 ± 5 422 ± 33 21 ± I 
40 147 ± 53 23 ± 9 175 ± 6 28 ± 5 
48 106 ± 20 19 ± I 270 ± 73 22 ± 5 
120 45 ± 6 16 ± 7 
T ABLE II. Total cells per follicle in the proliferative compartments 
of irradiated and control site awl hairs 
Time Interval 42R Neutrons Control Sites Postradia tion (Mean and SO) (Mean and SO) (hr) 
0.5 1101 ± 116 1177±149 
2 1377 ± 138 1046 ± 194 
5 1406 ± 312 1525 ± 199 
7 912 ± 157 1333 ± 137 
10 1180 ± 193 
14 1171 ± 82 1048 ± 65 
18 885 ± 126 1139 ± 142 
24 880 ± 226 1250 ± 125 
40 887 ± 199 1200 ± 39 
48 820 ± 134 1350 ± 211 
120 987 ± 45 1274 ± 115 
shoot" was found. The reduction in the labeling index appearing 
after the 24-hr interval reflected 2 factors: (1) many labeled 
cells had passed through 1-2 division cycles following adminis-
tration of "H-TdR, thereby diluting the label (the generation 
time in normal mouse hair matrix cells is about 13 hr [7]), and 
(2) some labeled cells had been eliminated from the proliferative 
compartment. 
The sharp reduction in the labeling index in both control and 
irradiated sites at 120 hI'S was to be expected since, at that time 
interval, all hairs were in the 19th day of anagen. Our previous 
studies have shown that the number of hair matrix cells in 
DNA synthesis and in mitosis drops sharply from normal levels 
to zero between days 16 to 19 of anagen, as the hair growth 
cycle terminates abruptly [7]. 
Radiation-induced cellular damage was reflected in the ap-
pearance of pyknotic cells and abnormal mitoses. Pyknotic cells 
were fIrst visible 5 hI' postradiation, and were most numerous 
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at the 10 hr interval. Both labeled and unlabeled pyknotic cells 
were found, the majority being labeled at the lO-hr posttreat-
ment interval. These damaged cells were decreased in number 
18 hr postradiation, but a few pyknotic cells and abnormal 
mitoses were still visible 40 hI' after irradiation. Abnormal 
matrix cells were no longer found at the 48-hr interval. 
Significant cell loss was noted in the proliferative compart-
ment of irradiated matrix cell populations by the 18-hr post-
treatment interval (Table II). Cell population reductions up to 
about 20% were sustained in irradiated sites throughout the 5-
day experimental period, displaying no signifIcant postradiation 
recovery. 
DISCUSSION 
The extremely rapid cell proliferation rates in anagen hair 
matrices are highly sensitive to numerous exogenous and en-
dogenous factors including ionizing radiation, physical injury, 
altered nutritional status, and various pharmacologic agents 
[8]. Fifteen years ago studies on the effects of chronic neutron 
irradiation revealed striking reductions in mouse hair growth 
rates [9]. Comparisons with gamma radiation studies carried 
out simultaneously revealed RBE's ranging from 4 for the 
highest total radiation dose delivered (595 rads) to 9 in the 
lowest neutron dose range (80 rads) [9]. Utilizing single acute 
exposures, Griem (Griem, M.L., Personal communication) re-
cently investigated the dose-response effects of 250 kv x-rays 
and 3.6 MeV neutrons on postradiation alopecia in anagen 
mouse hairs. After single doses of 200- 400 rads neutrons and 
400-1400 rads x-rays he found an RBE of 2.7. Consequently, in 
the current study the neutron dose of 42 rads was chosen to 
facilitate comparisons with the fIndings for a similar 100 rad kv 
x-ray study that we had carried out previously [5]. 
Data gathered from the cmrent investigation reveal that 
anagen matrix cells show a substantial reduction in proliferation 
rates even after a very low dose of neutron radiation. Cell 
division rates were signifIcantly reduced 30 min postradiation 
and remained markedly depressed for more than 18 hI' before 
recovery to normal occurred at the 24-hr postradiation interval. 
The prolonged depression in the mitotic index almost certainly 
reflects enhanced lethal or nonrecoverable sublethal injury in 
cells exposed to neutron radiation [2]. This protracted depres-
sion is in sharp contrast to the much shorter reduction in 
mitotic index occurring after exposure to 100 rads of 50 kv x-
ray irradiation, which was followed by complete recovery 7 hr 
later [5]. 
The considerable elevations of the labeling indices observed 
10-18 hr after neutron irradiation and developing when the 
mitotic index was still markedly depressed, may well reflect 
severe kinetics distlifbances in the proliferative compartments 
of the hair matrices. Most likely, temporary retention oflabeled 
cells in the proliferative compartments, secondary to reduced 
ascension rates and retarded maturation or differentiation rates, 
accounted for these changes. In contrast, no abnormality in 
labeling indices was seen in either irradiated or control sites in 
the 100 rad x-ray study [5]. 
T he persistent 5-day reductions in matrix cell populations 
observed in neutron-irradiated proliferative compartments oc-
curred despite the reestablishment of normal mitotic and la-
beling indices 24 hr postradiation. The appearance of pyknotic 
cells 5 hr postradiation indicates that a fraction of matrix cells 
fails to undergo further sustained division during the remainder 
of anagen. As a manifestation of postradiation repair and recov-
ery, accelerated cell differentiation and exit rates from the 
proliferative compartment-to maintain threatened hair shaft 
continuity-may be an important factor in the prolonged cell 
population depression. In contrast, no significant reductions in 
matrix cell populations were seen at any postradiation interval 
in the 100 rad x-ray study [5]. 
These acute low-dose neutron studies in hair matrices re-
vealed profound effects at the cellular level, greatly exceeding 
the changes found for low LET radiation of presumably similar 
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RBE, determined at higher dose levels for postradiation alo-
pecia. Mitotic indices were depressed for a 3-fold longer interval 
than that observed after a "comparable" dose of x-rays. Marked 
alterations in labeling indices, probably reflecting prolonged 
cell retention and retarded maturation rates, and discrete re-
ductions in matrix cell populations characterized postneutron 
radiation changes and were entirely absent in the x-ray study. 
At the cellular level, these findings support the results of 
previous investigations [1,9] which have recorded considerably 
higher RBE's for neutron radiation in very low dose ranges 
compared to those found at higher dose levels. It should be 
emphasized that our current study comprises a single low-dose 
experiment. Although a more complete dose response curve to 
determine corresponding variations in RBE would be a labori-
ous project, the resulting data would be of considerable interest. 
Access to the fast neutron facility at the Franklin McLean Memorial 
Hesearch Institute, the Pritzker School of Medicine, was kindly pro-
vided by Drs. M.L. Griem and F.T. Kuchnir. 
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Gordon Research Conference on Epithelial Differentiation and Keratinization 
The first Gordon Research Conference directed specifically at problems of epithelial differentiation and 
keratinization will be held on August 6 through 10, 1979 at the Tilton School in Tilton, New Hampshire. 
This conference will be chaired by Drs. Irwin M. Freedberg and Isadore A. Bernstein and will deal with 
epithelial structure, models of epithelial differentiation, normal and pathological epithelial differentiation 
in vivo and in vitro, physical and chemical epithelial carcinogenesis, repair, epithelial and mesenchymal 
interactions, and biosynthesis of epithelial proteins and keratin. 
Participation in the conference is limited and pa~ticipants will be selected from applications for 
attendance. Applications may be obtained from Dr. Alexander M. Cruikshank, Director, Gordon Research 
Conference, Pastore Chemical Laboratory, University of Rhode Island, Kingston, Rhode Island, 0288l. 
